Introduction {#s1}
============

Epilepsy is a neurological disorder characterized by recurrent spontaneous epileptic seizures associated with distinct neurobiological and behavioral alterations [@pone.0054515-Fisher1]. One of the methods used to investigate epileptic seizures in experimental models consists on the analysis of the behavioral profile through a seizure stage-score classification [@pone.0054515-Sarkisian1]. This characterization is well established in rodents for seizures induced by electrical kindling Racine et al. [@pone.0054515-Racine1] and for chemoconvulsant drugs, such as kainate (KA), pilocarpine and pentylenetetrazole (PTZ) [@pone.0054515-Morimoto1]. Exposure to PTZ induces a concentration-dependent sequence of stereotyped behavioral changes that starts with orofacial movements and culminates in clonus-like seizures in rodent models. This seizure model has been widely used in the past 6 decades for discovery and development of several antiepileptic drugs (AED), such as benzodiazepines, valproate, gabapentine, etc [@pone.0054515-Loscher1], [@pone.0054515-Shorvon1], [@pone.0054515-Shorvon2]. Despite the advances in new AED discovery, 30% of epileptic patients still suffer with refractory epilepsy [@pone.0054515-Loscher2], [@pone.0054515-Kwan1]. Löscher et al. [@pone.0054515-Loscher1], in a critical review about the current animal models of seizure and epilepsy employed to discovery and development of new AED, pointed out that this high refractoriness could be a result from using always the same pro-convulsant focusing in rodent models.

In this context, the zebrafish (*Danio rerio*) emerges as a new animal model to evaluate the effects of classical pro-convulsant drugs in order to develop and characterize new AED [@pone.0054515-Penberthy1]--[@pone.0054515-Sierra1]. This species exhibits several anatomic similarities and a high genetic homology with mice and humans [@pone.0054515-Barbazuk1], [@pone.0054515-Rico1]. Moreover, zebrafish presents a tight junction-based blood--brain barrier similar to higher vertebrates, with substantial macromolecule permeability, which makes this model an attractive organism for high throughput screening applications and AED discovery [@pone.0054515-Eliceiri1], [@pone.0054515-Jeong1]. Furthermore, this model offers a potential non-discriminatory screening for AED [@pone.0054515-Berghmans1], in contrast to that for rodents where usually seizures induced by PTZ were used to identify anticonvulsants agents that acts mainly through GABA [@pone.0054515-Loscher3]. All these aspects contributes to an increased number of investigations involving chemoconvulsant induced-seizures in zebrafish, and epilepsy research through genetic models that are either susceptible or resistant to seizures, and mutations associated with known human epilepsy syndromes [@pone.0054515-Baraban1]--[@pone.0054515-Teng2]. These investigations are based mostly in Baraban et al. [@pone.0054515-Baraban1] study, which showed that zebrafish larvae exposed to PTZ displays complex and stereotypical patterns of seizure behavior sequence, ictal- and interictal-like electrical activity in immobilized animal, and *c-fos* expression in brain regions. However, the use of adult zebrafish, which shows a broader behavioral repertoire [@pone.0054515-Rosemberg1]--[@pone.0054515-Cachat1], with a fully developed central nervous system (CNS), when compared to zebrafish larvae [@pone.0054515-Muller1], [@pone.0054515-Desmond1], could improve the currently protocols for new AED research and to study the mechanisms underlying seizures.

Although electrophysiology pattern of PTZ induced seizure activity [@pone.0054515-Blaser1], *c-fos* expression [@pone.0054515-Rosemberg2], and some behavioral analyses have already been demonstrated in adult zebrafish exposed to PTZ [@pone.0054515-Wong1], [@pone.0054515-Lee1], [@pone.0054515-Stewart1], questions regarding the behavioral profile of the seizure pattern remain unanswered, such as: (I) Is the score system proposed by Desmond et al. [@pone.0054515-Desmond1] for studying seizure in adult zebrafish suitable for all behavior seizure manifestations in PTZ model?; (II) What is the sequence of behaviors during the exposure to PTZ?; (III) Are these manifestations similar to larvae?; (IV) Does the seizure behavior profile change with alterations of drug concentration?; (V) What is the latency to reach the clonus-like behavior in distinct concentrations of PTZ exposure?; (VI) How long does animals take to return to a normal behavior after PTZ exposure?; (VII) Does the PTZ levels in the fish brain depends on the concentration and time of exposure?; (VIII) What is the mortality rate of fish exposed to PTZ at distinct concentrations?

In order to answer these questions, we performed a detailed behavioral seizure analysis of PTZ-induced seizures in adult zebrafish. Additionally, we performed a quantification of brain PTZ levels during and after exposure to this chemoconvulsant drug. All of these analysis were based on the pioneer work performed by Alfaro et al. [@pone.0054515-Alfaro1] where they characterized a detailed seizure scale for kainic acid-induced epileptic seizures in adult zebrafish.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

All procedures with animal subjects have been approved by the Ethic Committee for Use of Animals - CEUA from Universidade Federal do Rio Grande do Sul (protocol number 22214).

Reagents {#s2b}
--------

Pentylenetetrazole (PTZ) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Diazepam (DZP) was purchased from União Química Nacional S/A (Pouso Alegre, MG, Brazil). Acetonitrile and methanol were purchased from Merck® (Darmstadt, Hessen, Germany). Pure Ultra pure water was obtained from a Millipore Corporate® Milli-Q water system (Billerica, Massachusetts, USA). All HPLC components and software ChemStation were from Agilent Technologies® Inc. Santa Clara, California, USA.

Animals {#s2c}
-------

Adult zebrafish (*Danio rerio*; 4 to 6 months-old, ±50:50 male:female ratio) of heterogeneous wild-type stock (standard short-fin phenotype) were obtained from a local commercial supplier (Delphis, RS, Brazil). Animals were carefully weighted and measured in order to select the ones with similar weight and size (35±2 mg and 2±0.15 cm, respectively) to avoid putative variations of drugs pharmacodynamic and pharmacokinetic. Fish were housed in 50-L aquariums (80-100 fish per aquarium) for at least 2 weeks prior to the experiments in order to acclimatize to the animal facility. All tanks were filled with non-chlorinated water previously treated with 132 µL/L AquaSafe® (Tetra, VA, USA) and kept under mechanical and chemical filtration at a targeted temperature of 26±2°C and water pH at 7.0 to 8.0 (system water). The room illumination was provided by ceiling-mounted fluorescent lamps on a 14/10 light/dark photo period cycle (lights on at 7:00 am). Animals were fed twice a day with a commercial flake fish food (Alcon BASIC®, Alcon, Brazil). All animals used in this study were experimentally naive, healthy and free of any signs of disease. They were maintained according to the National Institute of Health Guide for Care and Use of Laboratory Animals (2011).

Treatments and Seizure Behavioral Characterization {#s2d}
--------------------------------------------------

To induce experimental epileptic seizures, animals (*n* = 12 in each group) were individually exposed to 5, 7.5, 10, and 15 mM PTZ, readily dissolved in water. All PTZ concentrations and the time of exposure were based on previous reports in order to induce clonus-like seizure responses [@pone.0054515-Baraban1], [@pone.0054515-Wong1], [@pone.0054515-Lee1], [@pone.0054515-Siebel1], [@pone.0054515-Pineda1]. The control group was exposed to system water only. In order to investigate the effect of a classical AED on PTZ-induced seizures in zebrafish, a GABA~A~ positive allosteric modulator diazepam (DZP) was used. Two groups of animals were exposed to 75 µM DZP for 40 min in a beaker containing a 0.5-L solution. Afterwards, the animals were rapidly transferred to a beaker containing system water to remove the excess of DZP. One group was further transfer to a tank with system water to investigate the DZP sedative effect (DZP control group) and another group to a similar tank containing 10 mM PTZ solution (DZP/10 mM PTZ group). All conditions for DZP experiments were previously set up by our group (data not shown).

The detailed behavioral seizure profile characterization was performed during the same time frame each day (from 10:00 am to 4:00 pm). The apparatus consisted of a tank (20 cm width×13 cm height×7 cm length) filled with 1.5 L of PTZ solution or system water. In order to keep the same experimental conditions, animals were randomly handled from their home tanks and individually transferred to beakers filled only with system water for the same period of DZP pretreatment (40 min). Animals were carefully placed individually in the tanks and their behavioral seizure activity was recorded for a single session of 20 min. At each experiment a fish was placed individually into the determined treatment solution, which was not used in subsequent experiments. Assays were performed at three independent days with 4 animals in each group per day. All experimental procedures were performed on a silent room.

A webcam (Microsoft® LifeCam 1.1 with Auto-Focus) was placed 30 cm from the testing tank to ensure good video recording and to monitor the location and swimming activity of the fish. All tank walls were coated with white background cover, in order to avoid the reflex of the animal in the walls and in the tank bottom, and to ensure a uniform background for the video analysis. To boost the contrast between the background and zebrafish, two 60-watts light bulbs were placed 50 cm behind the tanks. All behavioral data were evaluated by two trained observers in a blinded fashion (inter-rater reliability ≥0.92). All necessary precautions were taken to ensure representative behavioral results and also to avoid handling stress. Throughout the experiments, the fish were gently transferred between home tanks, beakers, and experimental apparatus. All fish were handled and tested at similar way and the behaviors were recorded in the same room, which kept the manipulation, water quality, and illumination uniform and constant between trials.

Epileptic Seizure Stage Score {#s2e}
-----------------------------

The fish (*n* = 6) were immersed into a PTZ solution (5--15 mM) and monitored for 60 min to evaluate epileptic seizures-related behavior. To characterize each stage, behavioral manifestations were evaluated according to the literature [@pone.0054515-Wong1], [@pone.0054515-Desmond1], [@pone.0054515-Stewart1] and the sequence of behavioral manifestations was described using a range from lower to higher concentration of PTZ tested in our study. It is important to emphasize that random alterations in behavioral induced by PTZ (e.g., jumping) were not considered. For each stage, we assigned a specific score, described in [Table 1](#pone-0054515-t001){ref-type="table"} (see [Video S1](#pone.0054515.s004){ref-type="supplementary-material"}).

10.1371/journal.pone.0054515.t001

###### Score phenotype of the PTZ seizure model in adult zebrafish.

![](pone.0054515.t001){#pone-0054515-t001-1}

  SCORE                                     Behavior phenotype
  ------- ---------------------------------------------------------------------------------------
  0                            Short swim mainly in the bottom of the tank.
  1                Increased swimming activity and high frequency of opercular movement.
  2                  Burst swimming, left and right movements, and erratic movements.
  3                                         Circular movements.
  4                     Clonic seizure-like behavior (abnormal whole-body rhythmic
                                          muscular contraction).
  5        Fall to the bottom of the tank, tonic seizure-like behavior (sinking to the bottom of
             the tank, loss of body posture, and principally by rigid extension of the body).
  6                                               Death.

All behavior phenotypes present in [video S1](#pone.0054515.s004){ref-type="supplementary-material"} defined by scores.

Washout Period and Survival Assessments {#s2f}
---------------------------------------

After PTZ exposure, we transferred the fish to an intermediary beaker containing system water to eliminate all the residual PTZ in contact with the animal. Immediately after, we than transferred the fish to another beaker with a new clean system water to evaluate the washout period. During the washout of PTZ, groups were observed for more three hours, to determine the latency to return to score 0. We considered that the animal fully returned to the basal behavior when it reached the score 0 and remained in this score until the end of the 3 hours. In order to access the survival rate, the fish were individually transferred to 1 L recipient, filled with system water. The water was renewed every 24 h and the survival was assessed (the total time of this protocol was 168 h). The [Figure 1](#pone-0054515-g001){ref-type="fig"} illustrates the protocol used in this study.

![Experimental protocol schematic representation.\
The methodological approach used to evaluate the epileptic seizure-like behavior (experimental conditions, exposure periods, washout period, and survival evaluation after behavioral tests).](pone.0054515.g001){#pone-0054515-g001}

Determination of PTZ Levels in the Zebrafish Brain {#s2g}
--------------------------------------------------

To quantify the PTZ levels that reached the zebrafish brain, we performed experiments using high-performance liquid chromatography equipped with an isocratic pump, diode array detector (DAD), degasser and manual injection system. Chromatographic separations were performed using a reverse-phase column (250 mm×4 mm, 5 mm LiChrospher® 100 RP-18). The column was protected by a guard column (4×4 mm, 5 mm LiChrospher® 100 RP-18) and maintained at a temperature 22±2°C. The mobile phase was a mixture of phosphate buffer 10 mM pH 6.9: methanol: acetonitrile (60:35:5, v/v/v). The flow rate of 0.8 mL/min was maintained isocratically, the DAD was set at 202 nm and the total run time was 6 minutes.

The PTZ determination was based on the method previously described by Soto-Otero et al. [@pone.0054515-SotoOtero1]. Each independent experiment was performed using a pool of three whole brains of animals from the PTZ groups (5 mM and 10 mM) after the exposure of 2.5 min, 20 min, and after 60 min PTZ washout. Briefly, the animals underwent cryoanesthesia and euthanized by decapitation. The cranial skulls were excised; the brains were removed and rapidly homogenized in 1 mL of cold PBS using a glass--Teflon homogenizer in ice. The samples (*n* = 4 per group) were centrifuged at 13.500 *g* for 5 min at 4°C in 1.5 mL tubes, and the supernatants were collected for PTZ analysis. Nine hundred microliters of supernatant was treated with 5.0 mL of dichloromethane. The tube was mixed for 30 s, an excess of ammonium sulfate was added with calibrated spatula and the tube contents were mixed again for 30 s. The samples were centrifuged at 800 *g,* the organic phase was separated and totally dried with nitrogen at room temperature. Following, the dried samples were reconstituted with 100 μL of the mobile phase and 20 μL was injected into HPLC. Standard curve measures (1--75 µg/mL) can be accessed in [Figure S1](#pone.0054515.s001){ref-type="supplementary-material"}.

Statistics {#s2h}
----------

Non-parametric data of seizure scores were expressed as median ± interquartile range. Scatter plots were designed to enable the analysis of variance across time performed by Friedman test followed by Dunn's Multiple Comparison test as post hoc. Cumulative frequency was determined using the percentage of animal that reached each score across time for the respective treatment tested. The area under the curve (AUC), latency, and washout period were represented as mean ± S.E.M and analyzed by the one-way ANOVA followed by the Bonferroni's test as post hoc. Student's *t* test was used to compare the DZP/10 mM PTZ and 10 mM PTZ groups. The PTZ quantification in brain were expressed as mean ± S.E.M and analyzed by two-way ANOVA followed by Bonferroni's test post-hoc. The survival time was compared among groups using the log-rank test of trend. In all analyses, the significance level was taken as *p*≤0.05.

Results {#s3}
=======

The behavioral analysis shown that the control group exhibited spontaneous usual swimming movements consisted by repeated short swims (data not shown). On the other hand, animals immersed into PTZ solution presented behavioral epileptic seizures, classified in different scores as shown in [Table 1](#pone-0054515-t001){ref-type="table"}. [Figure 2A](#pone-0054515-g002){ref-type="fig"} depicts the temporal behavioral profile of animals exposed to different PTZ concentrations. There was a rapid score progression in the first 5-min period for 10 and 15 mM PTZ (Friedman test, *p*\<0.0001; Dunn's Multiple Comparison test, *p*\<0.05). Therefore, in order to perform an analysis across time, the first 5 min and the remaining 15 min were divided into 30 s and 150 s intervals, respectively. Animals immersed into the higher concentrations (10 and 15 mM) reached scores 4 and 5 faster than animals exposed to lower concentrations (5 and 7.5 mM) of PTZ. Animals immersed into 5 mM PTZ showed repetitive low scores (1 and 2) during the first 5-min and only presented scores 4 and 5 in the last 15-min period. Animals exposed to 7.5 mM PTZ presented an intermediate profile between 5 mM and higher concentrations, alternating from scores 3 to 5, starting at 210 to 1200 s (Friedman test, *p*\<0.0001; Dunn's Multiple Comparison test, *p*\<0.05).

![Behavioral profile of PTZ-induced seizures in adult zebrafish.\
The main characteristic seizure behavior induced by 5--15 mM PTZ and DZP/10 mM PTZ treatments during 20 min (*n* = 12). (A) Seizure score (only the highest score reached was consider in each interval) and cumulative frequency (B). Data are represented as median ± interquartile range and as the animal index (%) that reached the scores across time, respectively. (C) Seizure intensity during distinct moment tests (0--150, 150--300, and 300--1200 s) evaluated by the area under curve observed for each treatment. (D) Latency to score 4 onset. Data from seizure intensity and latency are represented as mean ± S.E.M and analyzed by one-way ANOVA followed by Bonferroni's test as post-hoc. Distinct letters indicate statistical differences among PTZ-treated groups (gray bars). The DZP/10 mM PTZ is represented as black bars and compared to 10 mM PTZ group by the Student's *t* test. \*indicates significant difference between groups.](pone.0054515.g002){#pone-0054515-g002}

The time necessary to reach score 5 were: 1050 s for 5 mM; 600 s for 7.5 mM; 240 s for 10 mM; and 180 s for 15 mM. Furthermore, the animals immersed into 10 and 15 mM PTZ showed a rapid change from scores 0--2 to score 4 (16.66 and 58.33%, respectively) ([Figure 2B](#pone-0054515-g002){ref-type="fig"}). The score 5 was not observed in all animals treated with lower concentrations (only 83.33% and 75% of animals reached this score at 7.5 mM and 5 mM, respectively). Scatter plot representations were performed in order to see each animal behavioral seizure profile across time described in the score curves ([Figure S2](#pone.0054515.s002){ref-type="supplementary-material"}).

The analysis of the score curves ([Figure 2A](#pone-0054515-g002){ref-type="fig"}) suggests that there are three different moments for the PTZ-induced seizures in zebrafish. In the first moment (0 to 150 s), higher PTZ concentrations induced seizures with score 4; in the second (150 to 300 s), PTZ at 7.5 mM induced seizures with scores 3--4; and in the third (300 to1200 s), all PTZ concentrations induced seizures with scores 3--5 ([Figure S3A](#pone.0054515.s003){ref-type="supplementary-material"}). In order to evaluate the seizure intensity across time in these three moments, we measured the area under score curve for each animal for each PTZ concentration ([Figure 2C](#pone-0054515-g002){ref-type="fig"}). In the first interval (0--150 s), animals from 15 mM PTZ group presented higher seizure intensity than 10 mM PTZ and both concentrations displayed higher seizure intensity when compared to 5 and 7.5 mM (one-way ANOVA, *F* \[4,59\] = 44.56, *p*\<0.0001; Bonferroni test, *p*\<0.05). In the second interval (150--300 s), the seizure intensity was lower in 5 mM PTZ group when compared with other groups (one-way ANOVA, *F* \[4,59\] = 28.12, *p*\<0.0001; Bonferroni test *p*\<0.05). In the last interval (300--1200 s), animals from 15 mM PTZ group showed a higher seizure intensity when compared to 5 and 7.5 mM PTZ (one-way ANOVA, *F* \[4,59\] = 20.10, *p*\<0.0001; Bonferroni test, *p*\<0.05). [Figure S3B](#pone.0054515.s003){ref-type="supplementary-material"} shows the seizure intensity during the total time of observation (1200 s).

Animals immersed into 15 mM PTZ solution showed lower latency to the first episode of seizure score 4 when compared to animals immersed into 5 and 7.5 mM PTZ. In addition, animals exposed to 5 mM PTZ presented higher latency to the score 4 when compared to all other concentrations (one-way ANOVA, *F* \[4,59\] = 49.43, *p*\<0.0001; Bonferroni test, *p*\<0.05), ([Figure 2D](#pone-0054515-g002){ref-type="fig"}). In the washout period only 15 mM PTZ group required a longer time to return to score 0, when compared to other concentration groups (one-way ANOVA; *F* \[4,59\] = 21.16, *p*\<0.0001; post-hoc, *p*\<0.05) ([Figure 3](#pone-0054515-g003){ref-type="fig"}).

![Latency to score 0 during the washout period.\
Data are represented as mean ± S.E.M and analyzed by one-way ANOVA followed by Bonferroni's test as post-hoc. Distinct letters indicate statistical differences among PTZ-treated groups (gray bars). The DZP/10 mM PTZ is represented as black bars and compared to 10 mM PTZ group by Student's *t* test with no statistical difference.](pone.0054515.g003){#pone-0054515-g003}

As shown in [Figure 4](#pone-0054515-g004){ref-type="fig"}, higher PTZ levels in the brain were found in animals exposed to 10 mM PTZ when compared with 5 mM PTZ (two-way ANOVA, concentration effect, *F* [@pone.0054515-Fisher1], [@pone.0054515-Ingham1] = 152.4, *p*\<0.0001). Additionally, there was a peak of PTZ in the brain after 20-min of exposure. Similar levels were observed after a 2.5-min exposure and after a 60-min removal from the PTZ solutions (two-way ANOVA, time effect, F [@pone.0054515-Sarkisian1], [@pone.0054515-Ingham1] = 176.9, *p*\<0.0001). There was a positive interaction between exposure time and PTZ concentration (two-way ANOVA, time X concentration effect: *F* [@pone.0054515-Sarkisian1], [@pone.0054515-Ingham1] = 52.41, *p*\<0.0001; Bonferroni test, *p*\<0,01).

![Quantification of the PTZ levels in the brain.\
The concentration of PTZ in the brain was determined as μg PTZ/mL sample at 5 mM (gray bars) with values of 1.885, 3.175, 1.612, and 10 mM (blue bars) with values of 3.222, 7.905, and 2.870, after 2.5 and 20-min of PTZ exposure, and after 60-min washout. Data are expressed as mean ± S.E.M and analyzed by two-way ANOVA followed by Bonferroni's test as post-hoc. Distinct letters indicate statistical difference within the same group at different periods, (lower case letter for 5 mM and capital letters for 10 mM) whereas the asterisks (\*) indicates significant difference between both PTZ groups for each time.](pone.0054515.g004){#pone-0054515-g004}

After the DZP pretreatment, fish remained immobilized during the initial 7 min of observation. Afterwards, fish began to present short movements in the bottom of the tank and, after 15 min the motor activity was recovered, being similar to the control group. Two out of 12 animals immersed into DZP died during observation (data not shown). Zebrafish from DZP/10 mM PTZ group presented different temporal seizure profile compared with 10 mM PTZ group ([Figure 2A](#pone-0054515-g002){ref-type="fig"}). In 5 min, all animals exposed to 10 mM PTZ reached scores 4 and 5. However, 66% of animals exposed to DZP/10 mM PTZ presented scores 1 and 2, 16% reached score 3 and 16% exhibited score 0. In the last 15 min, animals exposed to 10 mM PTZ presented an alternation between scores 4--5. On the other hand, fish pretreated with DZP presented scores from 2 to 5 (Friedman test, *p*\<0.05; Dunn's Multiple Comparison test, *p*\<0.05). As the cumulative curve shows, 16.66% of animals exposed to 10 mM PTZ and 41.66% of animals exposed to DZP/10 mM, did not present score 3 prior to the first score 4. The time required to reach score 1--5 is shown in the [Figure 2B](#pone-0054515-g002){ref-type="fig"}. Score 5 was observed in 58.33% of the animals pretreated with DZP, and exhibited lower seizure intensity during the entire observation (Student's *t* test, *p*\<0.0001), ([Figure 2C and S](#pone-0054515-g002){ref-type="fig"}3). The DZP/10 mM PTZ group presented longer latency than the 10 mM PTZ group to reach the score 4 (Student's *t* test, *p*\<0.0001), ([Figure 2D](#pone-0054515-g002){ref-type="fig"}). Concerning the washout period ([Figure 3](#pone-0054515-g003){ref-type="fig"}), the time to return to score 0 was similar for animals treated with DZP/10 mM PTZ and 10 mM PTZ.

Only animals under the highest concentration (15 mM) died (score 6) during exposure time and washout period. In the entire experiment, mortality rate was 33.33% and 50% at 10 mM and 15 mM, respectively. Log-rank test for trend indicates a different survival profile between these treatments (X^2^ [@pone.0054515-Fisher1] = 16.20, *p*\<0.0001), and Hazard Ratio assumes that the mortality rate occurred 2.25 faster at 15 mM than at 10 mM PTZ. All other treatments, including the DZP pretreatment, had 100% of survival ([Figure 5](#pone-0054515-g005){ref-type="fig"}). After 72 h, survival was stable for all treatments (data not shown).

![Survival evaluation.\
Kaplan--Meier plot representing the animal index (%) that survived in 3 distinct periods: I -- PTZ exposure; II -- Washout period; III -- survival evaluation in each 24 h after behavioral experiment procedures. Data are analyzed using the log-rank test for trend to compare groups. \*Indicate significant differences from 100% survival, whereas the symbol (\#) represents statistical difference profile between 10 and 15 mM PTZ groups.](pone.0054515.g005){#pone-0054515-g005}

Discussion {#s4}
==========

In the current study, we described a detailed behavioral characterization of the adult zebrafish epileptic seizure model induced by PTZ. In the past decade, Baraban et al. [@pone.0054515-Baraban1] demonstrated that PTZ elicits seizures in zebrafish larvae. More recently, several studies have extended this model to adult zebrafish, using three main analyses: electrophysiological evaluation in immobilized animals [@pone.0054515-Pineda1], *c-fos* expression in the CNS [@pone.0054515-Stewart1], and behavioral endpoint parameters [@pone.0054515-Wong1]. However, a detailed description of the behavioral sequence profile of PTZ-induced seizures in free-swimming zebrafish has not been performed. To our knowledge, this is the first study to describe a temporal behavioral characterization of PTZ-induced seizures and to measure PTZ levels in the brain of adult zebrafish. Both parameters may contribute to make this model useful not only for new AED discovery, but also to elucidate the molecular, neurochemical, and cellular mechanisms underlying seizures.

Among the different methodological approaches described in the literature to define seizure stage-scores, we decided to use a wide range of PTZ concentrations, similarly to the method purposed for larvae zebrafish PTZ model [@pone.0054515-Baraban1] and adult zebrafish KA model [@pone.0054515-Alfaro1]. This approach of using different concentrations of PTZ was probably the main reason why distinct scores of seizures were different from what was previously suggested by Desmond et al. [@pone.0054515-Desmond1]. In his study, the authors presented a score system based mostly on one concentration of pro-convulsant drugs exposure (11 mM PTZ, 250 mg/L caffeine, and 0.17 mM picrotoxin). Likewise, we found that exposing the zebrafish to high PTZ concentration, such as 10 mM, our seizure score 3 was skipped, jumping directly from score 2 to 4, in some animals. Similar results can be verified in rodent models when they are injected with high doses of PTZ [@pone.0054515-SotoOtero1]. Moreover, Desmond et al. [@pone.0054515-Desmond1] define the initial score as freezing and hyperventilation (score 1). At any point the authors described circular behavior and/or whirlpool-like swimming as an independent manifestation from clonic-like seizure. On the other hand, like Baraban et al. (2005), we defined the initial increased activity with hyperventilation as score 1. To better clarify each seizure stage, we divided the scores 3 and 4 from Desmond et al. [@pone.0054515-Desmond1] (circular and/or spiral swimming, rapid movements from left to right, erratic movements, abnormal spasm-like muscular contractions, rapid whole-body clonic-like convulsions and tonic seizures with rigid extension of the body, loss of body posture, sinking to the bottom of the tank, spasms for several minutes, respectively), into score 3 (circular and/or spiral swimming), score 4 (clonic seizure-like behavior), and score 5 (fall to the bottom of the tank, loss of body posture, and tonic seizure-like behavior) ([Table 1](#pone-0054515-t001){ref-type="table"}). This distinction is crucial since each of these stages were reached in a clearly independent time-period, when zebrafish were exposed to the lowest PTZ concentration tested (5 mM). Additionally, not every animal reached the score 5 with 5 mM and 7.5 mM PTZ, showing that clonic-like seizure behavior occurs independently from tonic-like seizure behavior. Since the score 3 in zebrafish larvae exposed to PTZ [@pone.0054515-Baraban1] is defined as a clonus-like convulsion leading to loss of body posture for 1--3 s, we could not use this score for the adult animal. All these manifestations in larvae occur almost at the same time probably because to its immature CNS. What is define as a immobility in larvae can be interpreted as a rigid and extended body posture (tonic-like seizure) that occur independently from clonus-like convulsion behavior in adult zebrafish. Our data also shows that animals rapidly assume left-to-right and erratic movements in the beginning of the behavioral manifestations (score 2) and prior to the circular movements (score 3). However, it is important to emphasize that the animals return to lower scores during PTZ exposure, even after reaching score 5.

Temporal profiles of seizure behavioral manifestation induced by PTZ present a different sequence of score from KA model [@pone.0054515-Alfaro1]. The KA score 3, whirlpool-like swimming, corresponds to our score 1; and the score 5, rapid whole-body clonus-like convulsions, correspond to our score 4. This difference may suggest that it is not possible to apply a single stage-score behavior characterization for distinct chemoconvulsant. Nevertheless, animals that received the highest dose of KA or highest concentration of PTZ evolved directly from score 2 to 4, showing that a temporal behavioral profile occurs in different epileptic seizures models.

Seizure intensity was quantified as the area under curve ([Figure 2C](#pone-0054515-g002){ref-type="fig"}) in order to measure how fast the animals reach scores 4 and 5 and remain at these scores. Our results show that this parameter increased with PTZ concentration exposures.

In rodent models, the latency to clonic seizure-like behavior is used in screening studies of new AED discovery [@pone.0054515-Vermoesen1], [@pone.0054515-Bachiega1]. However, our results indicate that the analyses of several parameters, rather than only one, could provide a better and reliable instrument that could be used for screening new drugs. Animals exposed to 7.5 mM PTZ or 10 mM PTZ presented similar latency to reach to score 4, but different seizure intensities ([Figures 2D and 2C](#pone-0054515-g002){ref-type="fig"}). Additionally, the seizure score curve and the cumulative curve of animal exposed to 7.5 mM PTZ were variable, but the total seizure intensity was similar to 5 mM and different from 10 mM ([Figures 2B and 2A](#pone-0054515-g002){ref-type="fig"}). Therefore, these four above-mentioned parameters (score curve, cumulative curve, intensity and latency) would be the foremost method to interpret behavior in different seizure models.

Despite the described well absorption of PTZ by zebrafish, formal HPLC measurements of PTZ in the brain have never been reported for this model [@pone.0054515-Berghmans1]. In our study, PTZ brain levels denote a concentration exposure-dependence, presenting a positive interaction between concentration and time of immersion. Additionally, the PTZ brain level of 3.2 μg/mL (1 mL = 3-brain pool) appears to be closely correlated with the first score 5 plateau ([Figure 2A](#pone-0054515-g002){ref-type="fig"}). Importantly, our quantification profile was similar to rodent models where a peak of PTZ concentration in the brain is followed by its decreased to the initial levels without reaching zero concentration after 1 h of exposure [@pone.0054515-SotoOtero1], [@pone.0054515-Ramzan1].

Another aspect to be considered is the recovery time after PTZ exposure. Our focus was not to elucidate a post-ictal period from an electrophysiological point of view, but to characterize only the behavioral phenotype of seizures induced by PTZ. We measured the time to return to score 0 and to remain at this score phenotype for 3 h after to remove from the PTZ solution. Our results showed that animals exposed to 5--10 mM exhibited similar time to return to score 0 and similar brain levels of PTZ at 2.5 min post-exposure and after a 60-min washout, even though they presented a completely different epileptic seizure profile. Rodent models show important neurochemical changes during the ictal and post-ictal periods induced by PTZ. Those changes could be related to a post-ictal depression after seizure clonus-like behavior, a period when the CNS remains refractory to further seizure activity [@pone.0054515-Ramzan1], [@pone.0054515-Goodman1], [@pone.0054515-Yonekawa1]. This could explain why, even with detectable levels of PTZ in the brain, the fish returned to the normal behavior. Further studies should be performed to explain why the behavior returns to score 0 at a similar time for all PTZ concentration, except for 15 mM.

Distinctly from seizure intensity, we defined seizure severity as the sum of seizure intensity, latency to return to score 0, and mortality rate. We observed that the severity of PTZ-induced seizure at 15 mM is higher than 10 mM, despite of similar intensity profiles. The higher severity of seizure induced by 15 mM PTZ is associated with longer latency to return to score 0 and mortality rate of 50%. PTZ at 10 mM induced seizures with an intermediary severity, with mortality rate of 33%. On the other hand, 5 and 7.5 mM PTZ induced seizures with lower severity and no changes in total intensity, latency to return to score 0 or mortality rate. Although 15 mM PTZ appears to be a good concentration to study seizure severity, the increase in mortality rate is an important limiting factor in epileptic seizure models [@pone.0054515-Goodman1]. However, in the work published by Pineda et al. [@pone.0054515-Pineda1], where fish were exposed to 15 mM PTZ for only three minutes, the authors mentioned that the mortality rate was zero. Moreover, they also showed that during a continuous exposure to 15 mM PTZ for 90 min, the neuronal activity increased up to 35 min, and only at 90 min of exposure the recording amplitude reversed approximately to the pattern of flat-line EEG, indicative of brain death.

Besides the article mentioned above, the first publication of adult zebrafish and PTZ used 10 mM PTZ and exposure time of 10 min repeated 3 times (total 30 min) [@pone.0054515-Lee1]. Following this publication, Wong et al. [@pone.0054515-Wong1] tested 11 mM PTZ for 20 min; Siebel et al. [@pone.0054515-Siebel1] used distinct concentrations (2.5 mM, 5 mM and 15 mM) during 20 min; and Stewart et al. [@pone.0054515-Stewart1] exposed the fish to 11 mM PTZ solution for 20 min. However, no data regarding mortality rate were addressed by any of these publications. Here we show that the amount of PTZ brain levels depend on the exposure time to this drug. The increase in severity for 15 mM PTZ may be attributed to the longer exposure time-period. So, we decided to use 20 min of PTZ exposure and the range of 5, 7.5, 10 and 15 mM PTZ based mostly on these previous literature, aiming to perform a detailed seizure behavior characterization for future studies of this model. As our data showed similar low severity for 5 and 7.5 mM, smaller concentrations (2.5 and 3.75 mM) were not used. This approach of using 20 min and a low concentration of exposure, could be interesting to neurochemical mapping the seizure, since the dopaminergic and serotoninergic [@pone.0054515-Chatterjee1], cholinergic [@pone.0054515-Rico2], purinergic [@pone.0054515-Rosemberg3], and glutamatergic [@pone.0054515-Rico1] systems have been already described in adult zebrafish.

Due to the great variability of the seizure induced by 7.5 mM PTZ, confirmed by the scatter plot ([Figure S2](#pone.0054515.s002){ref-type="supplementary-material"}) and the mortality rate of 15 mM, we chose the concentrations of 5 and 10 mM to quantify the levels of PTZ in the brain. Since the mortality rate of 10 mM PTZ induced-seizure were similar to 6 mg/kg KA injection [@pone.0054515-Sierra1] and lower than 15 mM PTZ in adult zebrafish, we decided to use 10 mM PTZ concentration to test all parameters of seizure severity, such as, score curve profile, and latency to reach score 4. These parameters were also tested, when fish are pretreated with a classical anticonvulsant, DZP, to test this behavioral tools for future use in AED research. We observed a decrease in seizure severity in the pretreatment with DZP when compared with 10 mM PTZ treatment alone. The difference in seizure severity for pretreatment with DZP and for all PTZ exposure concentrations could be mathematically demonstrated by the area under the curve analysis, providing a very suitable analysis tool for future AED research. Although the latency to return to score 0 was not affected, it is important to mention that DZP pretreatment presented zero mortality rate.

It is important to point out that the large volume of compounds used in this study (what could be seen as a disadvantage when compared to rodent models), is direct correlated to our main objective. To perform a behavior characterization, a large space is necessary not only for the animals display any behavior alteration, but also to be easier for the observer to detect such alterations. Nevertheless, based on our work, future researchers will be able to have a detailed temporal behavioral repertoire in a smaller volume of PTZ (0.3 L should be enough to perform the same analysis). Considering this small volume or even the intra-peritoneal injection of drugs in adult zebrafish (e.g. MK-801 and DNQX [@pone.0054515-Alfaro1]), the amount of AED to be used in future studies may be insignificant when compared to rodent models. Furthermore, the maintenance of zebrafish to investigate the effects of possible anticonvulsant drugs, and mechanisms underlying seizures in future experiments (e.g., behavioral tasks, neurochemical changes, neuronal reorganization and activity) makes zebrafish a lot cheaper and faster than rodent models.

To date, electrophysiology recording in freely swimming adult zebrafish is still a challenge. Despite the studies performed by Pineda et al. [@pone.0054515-Pineda1], [@pone.0054515-Pineda2], the actual EEG methodology is restricted to anesthetized and immobilized animal, making it impossible to correlate the electrophysiological data with the behavior manifestation. We hope that, as soon as new technical approaches emerge to record neuronal activity in freely swimming animal, our behavioral characterization can be used as a background for mapping neuronal activity during the different seizure stages based on the scores proposed by this study.

Conclusion {#s4a}
----------

In summary, our results described a detailed temporal characterization of the stage-score manifestations of adult zebrafish exposed to distinct PTZ concentrations. We thoroughly described important parameters, such as score curve profile, cumulative score frequency, seizure intensity, latency to score 4 onset, scatter plot score curve, latency to return to score 0, mortality rate and seizure severity. Furthermore, we showed, for the first time, that PTZ brain levels depend on PTZ concentration and exposure time, exhibiting similar profile to rodent models of PTZ injection. Therefore, the behavioral analyses and the simple method for PTZ quantification described here could be considered as important tools for future investigations and translational researches.
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###### 

**PTZ standard curve.** The figure shows the: A) HPLC chromatogram of PTZ detection for different concentrations (1--75 μg/mL); B) linear correlation plot of area for each PTZ concentration.
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Click here for additional data file.

###### 

**Scatter plot score curve for the experimental groups.** The figure depicts the higher score reached by each animal from 5--15 mM PTZ and DZP/10 mM PTZ groups during the observation time. Each symbol corresponds to its respective animal at each group (*n* = 12). Each symbol represents the profile of a single animal during each interval analyzed and the animal is limited to only one treatment.
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Click here for additional data file.

###### 

**Comparative score curves.** (A) Overlap of all treatment curves to clarify the 3 moments in the score curves. (B) Seizure intensity for total observation time. Data are represented as mean ± S.E.M and analyzed by one-way ANOVA followed by Bonferroni's test as post-hoc. Distinct letters indicate statistical difference between PTZ-treated groups (gray bars). The DZP/10 mM PTZ is represented as black bar and compared to 10 mM PTZ group by Student's *t* test. The asterisks (\*) indicates significant difference between both groups.
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Click here for additional data file.

###### 

**Epileptic seizure stage-score induced by PTZ in adult zebrafish.** The video demonstrates the representative behavioral scores (0--6) exhibited by zebrafish exposed to 10 mM PTZ.
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###### 

Click here for additional data file.
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